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DOI: 10.1039/c0jm01060jTo overcome major problems associated with insufficient incorporation of nitrogen in hydrogenated
amorphous silicon nitride (a-SiNx:H) nanomaterials, which in turn impedes the development of
controlled-bandgap nanodevices, here we demonstrate the possibility to achieve effective bandgap
control in a broad range by using high-density inductively coupled plasmas. This achievement is related
to the outstanding dissociation ability of such plasmas. It is shown that the compositional, structural,
optical, and morphological properties of the synthesized a-SiNx:H nanomaterials can be effectively
tailored through the manipulation of the flow rate ratio of the silane to nitrogen gases X. In particular,
a wide bandgap of 5.21 eV can be uniquely achieved at a low flow rate ratio of the nitrogen to silane gas
of 1.0, whereas typically used values often exceed 20.0. These results are highly-relevant to the
development of the next-generation nanodevices that rely on the effective control of the functional
nano-layer bandgap energies.1. Introduction
Hydrogenated amorphous silicon nitride (a-SiNx:H) films have
been extensively investigated owing to their outstanding
mechanical, thermal, and optical properties such as high hard-
ness, high strength over a wide temperature range, excellent wear
resistance as well as outstanding chemical inertness.1–5 These
unique properties make them have widespread applications. For
instance, silicon nitride-based materials have been used as
effective antireflection coatings and surface passivation layers in
the crystalline silicon-based photovoltaic solar cells, as etch
masks in bulk micromachining, as gate insulating layers (gate
dielectrics) in thin-film transistors as well as effective diffusion
barriers in the very large integrated circuit technology to isolate
different structures.1,3,6–8
A broad range of deposition techniques, including capacitively
coupled radio-frequency (rf) plasma enhanced chemical vapour
deposition (PECVD), hot-wire chemical vapour deposition, DC
or rf magnetron sputtering, atmospheric-pressure thermal
chemical vapour deposition, etc., have been developed to
synthesize hydrogenated amorphous silicon nitride films.1,7,9,10
The typical processes in these deposition methods are to employ
gas mixtures of SiH4 as a Si source and NH3 or N2 as a N source.
However, due to the much higher dissociation energy of NH3 or
N2 compared with SiH4 and the limited precursor dissociation
ability of the existing deposition techniques, it appears extremely
difficult to incorporate a large amount of nitrogen atoms into the
resultant a-SiNx:H films.
11,12 In other words, the nitrogen
concentration (x) in the synthesized a-SiNx:H films is frequentlyaPlasma Nanoscience Centre Australia (PNCA), CSIRO Materials
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This journal is ª The Royal Society of Chemistry 2010less than 1.33 (the value for the stoichiometric silicon nitride
Si3N4).
For example, Charkin et al. reported the highest x value of
1.18 incorporated into the a-SiNx:H films (with the highest
optical band of 4.42 eV) at a rather high flow rate ratio of the
nitrogen to silane gases of 30.0 using pulsed glow discharge
plasma immersion ion implantation deposition technique;13
Yao et al. reported the highest x value of 1.10 incorporated into
the a-SiNx:H films (with the highest optical band of 3.62 eV) at
a large percentage of nitrogen partial pressure of 75% in the
mixtures of argon and nitrogen gases using reactive close-field
unbalanced magnetron sputtering deposition technique;9
Lin et al. reported the highest x value of 1.37 incorporated into
the a-SiNx:H films (with the highest optical band of 2.96 eV) at
a pretty high flow rate ratio of the ammonia to silane gases of
39.0 using plasma enhanced chemical vapour deposition tech-
nique.14 This is why synthesis of device-quality wide-bandgap
a-SiNx:H materials still remains a significant challenge despite
years of research.
In this work, a simple, effective and innovative approach based
on low-frequency (460 kHz), low-pressure, thermally nonequi-
librium, high-density inductively coupled plasmas (ICPs) has
been proposed to synthesize high-quality a-SiNx:H from the
silane and nitrogen precursor gases.15,16 It is worthwhile to
mention that, compared to the ammonia gas, the nitrogen gas is
inexpensive, environmentally friendly and easy to handle, but
very difficult to dissociate into N atoms. It is demonstrated that
the unique properties of the ICPs, such as high-density and
highly-uniform plasmas with the outstanding precursor dissoci-
ation efficiency, make the synthesis of wide-bandgap a-SiNx:H
possible. Moreover, we have systematically and extensively
studied the compositional, structural, optical, and morpholog-
ical properties of the synthesized a-SiNx:H films through the use
of a broad range of advanced analytical tools, including X-ray
photoelectron spectroscopy (XPS), Fourier transform infraredJ. Mater. Chem., 2010, 20, 5853–5859 | 5853
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View Article Online(FTIR) absorption spectroscopy, Raman spectroscopy, UV–vis
spectroscopy, scanning electron microscopy (SEM), etc. It is
shown that these properties can be simply and effectively
controlled by varying the experimental parameters.2. Experimental
An advanced source of low-pressure, low-frequency (460 kHz),
thermally non-equilibrium, high-density inductively coupled
plasmas has been developed to deposit a-SiNx:H films from
a mixture of reactive sialne and nitrogen precursor gases. The
details of the plasma reactor (diameter ¼ 45 cm, height ¼ 30 cm)
and its operation have been described in our previous works.15,17
In this work, a series of samples with different nitrogen
concentrations was fabricated through the adjustment of the flow
rate ratio of the sliane and nitrogen precursor gases. Specifically,
the nitrogen gas flow rate was maintained at 3.0 sccm (sccm
denotes cubic centimeters per minute at standard temperature
and pressure), while the silane gas flow rates were 54.0, 36.0, 18.0,
9.0, and 3.0 sccm. Therefore, the flow rate ratios of the silane to
nitrogen gases (designated as X) were 18.0, 12.0, 6.0, 3.0, 1.0,
respectively. The other experimental parameters were main-
tained constant, i.e., the substrate temperature, inductive rf
power, working gas pressure, and deposition time were at 200 C,
1600 W (the rf power density has a low value of 33.3 mW/cm3),18
1.2 Pa, and 60 min, respectively. The colour of the synthesized
films changed from almost black to brown to transparent and the
thickness of the synthesized thin films ranged from 0.428 to
4.150 mm.
The specimens were deposited on (100)-oriented single-crys-
talline silicon and quartz substrates simultaneously for various
measurements. The samples on the silicon substrates were used
for XPS, FTIR absorption spectroscopy, and SEM measure-
ments, while those on quartz substrates were used for Raman
scattering and optical transmission measurements. The chemical
composition and bonding states of the deposited films were
studied ex situ by VG ESCALAB 220i-XL X-ray photoelectron
spectrometer using a Mg Ka (1253.6 eV) X-ray source. Prior to
the XPS measurements, the sample surface was sputtered for
3 min under 2 keV argon ions to remove the adventitious
contaminants. Moreover, the binding energy of C 1s peak at
284.5 eV was used to calibrate a possible energy shift due to
accumulated charges. The FTIR absorption spectra were
measured by Perkin-Elmer FTIR 1725X spectrometer in the mid-
infrared range from 400 to 4000 cm1. The surface morphology
and microstructure of the deposited films were studied using
a JEOL JSM-6700F field emission scanning electron microscope
fitted with a 30 kV electron gun. The film growth rates were
derived from the film thickness (measured by cross-sectional
SEM) and the deposition time. Raman spectroscopy analysis was
conducted with a Renishaw 1000 micro-Raman system using
a 514.5 nm Ar+ laser for excitation. The optical transmission
measurements were carried out using a double-beam Cary
510 Bio spectrometer in the wavelength range of 200–1100 nm.Fig. 1 A typical survey scan XPS spectrum of the sample when the flow
rate ratio of the silane to nitrogen gases X is equal to 6.0. The insets show
the narrow scan XPS spectra of the Si 2p and N 1s.3. Results and discussion
In this section, the compositional, structural, optical, and
morphological properties of the a-SiNx:H films are systematically5854 | J. Mater. Chem., 2010, 20, 5853–5859investigated by capitalizing on a broad range of advanced
characterization tools. XPS, FTIR, Raman, optical trans-
mittance, film topography and microstructure as well as growth
rates analyses are presented in sections 3.1–3.6, respectively.
3.1 X-ray photoelectron spectroscopy
XPS analysis was carried out to determine the elemental
composition and bonding states of the deposited a-SiNx:H films.
Fig. 1 presents a typical survey scan XPS spectrum of the sample
when the flow rate ratio of the silane to nitrogen gases X is equal
to 3.0. The predominant peaks occurring in the spectrum are
from Si and N elements accompanied with several minor peaks
attributed to Ar, C, and O elements. The appearance of the Ar
peaks originates from the surface conditioning before the XPS
measurement while the occurrence of the C and O peaks is
presumably caused by the residual surface contamination and/or
residual atmosphere gases in the growth chamber. The presence
of the Si–N bonds is clearly identified through the analysis of
the narrow scan XPS spectra of the Si 2p and N 1s presented in
the insets of Fig. 1. The reason is that for the Si 2p spectrum, the
dominant peak centered at 101.7 eV is attributed to Si–N bonds;
while for the N 1s spectrum, the predominant peak centered at
398.0 eV is attributed to N–Si bonds.9,19
The quantitative elemental composition of the deposited films
was calculated through the following formula:
%X ¼ 100

Ax
Sx
XN
I¼1

AI
SI

where X represents a specific element, AX and AI are the
respective areas under the peaks of the elements X and I in the
spectrum, and SX and SI are the sensitivity factors of elements
X and I, respectively. The sensitivity factors for carbon, nitrogen,
oxygen, and silicon are 0.205, 0.38, 0.63, and 0.17, respec-
tively.9,20 Fig. 2(a) displays the elemental composition of the
synthesized a-SiNx:H as a function of the flow rate ratio of
the silane to nitrogen gases X. One can observe that, with theThis journal is ª The Royal Society of Chemistry 2010
Fig. 2 (a): Elemental composition of the synthesized a-SiNx:H as
a function of the flow rate ratio of the silane to nitrogen gases X. (b):
Atomic concentration ratio of nitrogen to silicon elements as a function
of X.
Fig. 3 (a): FTIR absorption spectra of the a-SiNx:H films deposited at
different flow rate ratios of the silane to nitrogen gases. (b): Peak position
of the Si–N stretching peak as a function of X.
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View Article Onlinedecrease of the flow rate ratio of the silane to nitrogen gases X,
the nitrogen concentration increases in an almost linear fashion
while the silicon concentration exhibits a reverse trend.
Furthermore, the nitrogen concentration x incorporated in the
a-SiNx:H films is plotted in Fig. 2(b) through dividing the atomic
concentration of N element by the atomic concentration of Si
element as a function of the flow rate ratio of the silane to
nitrogen gases X. It is noteworthy that, at X ¼ 1, the x value can
be up to 2.44. In addition, we stress that the oxygen and carbon
contents in all the deposited films have a low value (O is
approximately 4.0 at.% and C is less than 1.0 at.%). Thereby, we
believe that the influence of the small amount of oxygen and
carbon contamination on the structural, optical, and morpho-
logical properties of the films considered is negligible.
3.2 FTIR absorption spectra
FTIRmeasurements were carried out to study the bonding states
of the deposited a-SiNx:H films. Fig. 3(a) shows the FTIR
absorption spectra of the a-SiNx:H films deposited at different
flow rate ratios of the silane to nitrogen gases. These spectra have
been normalized through dividing the intensity of the infrared
absorbance by the film thickness. The dominant peaks present
in the spectra are attributed to Si–N stretching mode located at
880 cm1, Si–N rocking mode located at 1190 cm1, Si–HThis journal is ª The Royal Society of Chemistry 2010stretchingmode located at2100 cm1, andN–H stretchingmode
located at 3300 cm1.7,21 At a glimpse, one can notice that, with
the decreased flow rate ratio of the silane to nitrogen gases X, the
intensities of the Si–Nstretching and rockingpeaks aswell asN–H
stretching peak increase gradually while the intensity of the Si–H
stretching peak tends to reduce. These observed phenomena
suggest that more andmore nitrogen atoms are incorporated into
the a-SiNx:H films with the decreased flow rate ratio of the silane
to nitrogen gases X, which agrees well with the results of the XPS
analysis. More importantly, with a careful examination, one can
observe that, besides the increased amplitude of the Si–N
stretching peak, the peak position of the Si–N stretching peak
shows a slight blue shift when X is decreased. To further explore
this aspect, the peak position of the Si–N stretching mode is
plotted in Fig. 3(b) as a function of the flow rate ratio of the silane
to nitrogen gasesX. As shown in Fig. 3(b), with the decreased flow
rate ratio of the silane to nitrogen gasesX, the peak position of the
Si–N stretching mode up-shifts from 877 cm1 at X ¼ 18.0 to
889 cm1 at X ¼ 1.0. This observation is related to the induction
effect because of the higher electronegativity of nitrogen atoms
than silicon atoms.21,223.3 Raman scattering spectra
Raman measurements were performed to study Si–Si bonding
states since these bonds are inactive in the infrared domain. Fig. 4J. Mater. Chem., 2010, 20, 5853–5859 | 5855
Fig. 4 Raman scattering spectra of a-SiNx:H films deposited at different
flow rate ratios of the silane to nitrogen gases.
Fig. 5 (a): Optical transmission spectra of the synthesized a-SiNx:H
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View Article Onlinepresents Raman spectra of a-SiNx:H films deposited at different
flow rate ratios of the silane to nitrogen gases. As shown in the
figure, the main peaks occurring in the spectra are attributed to
transverse acoustic (TA) (located at 170 cm1) and transverse
optical (TO) (located at 470 cm1) modes of amorphous
silicon.23,24 One can observe that the intensities of both TO and
TA peaks gradually reduce and eventually become null when the
flow rate ratio of the silane to nitrogen gases X is decreased from
X ¼ 18.0 to X ¼ 1.0. These observations suggest that, for the
Si-rich a-SiNx:H films, the extra silicon atoms can be isolated and
form amorphous silicon clusters, which are embedded in the
Si–N bonding network.films deposited under different flow rate ratios of the silane to nitrogen
gases. (b): Optical bandgap ETauc of the synthesized a-SiNx:H films as
a function of X.3.4 UV–vis spectroscopy
The optical properties of the synthesized a-SiNx:H films were
analyzed using UV–vis spectroscopy in the wavelength range of
200–1100 nm. Fig. 5(a) shows the optical transmission spectra of
the synthesized a-SiNx:H films deposited under different flow
rate ratios of the silane to nitrogen gases. The following features
of the spectra can be revealed. In the first place, at long wave-
lengths (photon energies less than the optical bandgap), trans-
mission spectra exhibit pronounced oscillations. These
oscillations originate from interference effects. The occurrence of
the obvious interference fringes of the spectra with deep valleys
and tall crests is indicative of the rather smooth surface of the
a-SiNx:H films.
25,26 Secondly, at short wavelengths (photon
energies larger than the optical bandgap), the intensities of the
transmission spectra rapidly decrease to almost zero. Thirdly,
the absorption edge, which corresponds to the transition from
the top of the valence band to the bottom of the conduction
band, down-shifts to lower wavelengths with the decreased flow
rate ratio of the silane to nitrogen gases X. In particular, one can
notice that fairly transparent a-SiNx:H films can be achieved
with an optical transparency > 80% in the wavelength range of
250–1100 nm when the flow rate ratio of the silane to nitrogen
gases X is equal to or is less than 3.0.
The optical bandgap ETauc of the synthesized a-SiNx:H films
was determined using the Tauc equation for the indirect-
bandgap5856 | J. Mater. Chem., 2010, 20, 5853–5859ffiffiffiffiffiffiffi
ahy
p
¼ Bðhy ETaucÞ
where a is the absorption coefficient, h is the Planck’s constant, y
is the frequency of the incident photon, and B is the optical
density of states.24,27 For simplicity, a is directly estimated from
the optical transmission data according to the Beer–Lambert
law,
a ¼ (ln(IT/I0))/d
where IT is the intensity of the transmitted light, I0 is the intensity
of the incident light, and d is the thickness of the a-SiNx:H thin
films determined from cross-sectional SEM measurements.
Thereafter, ETauc can be extracted from the plot of
ffiffiffiffiffiffiffi
ahy
p
versus
hv by extrapolating the linear part of the curve to cross the energy
axis (a ¼ 0). Fig. 5(b) presents the optical bandgap ETauc of the
synthesized a-SiNx:H films as a function of the flow rate ratio of
the silane to nitrogen gases X. The optical bandgap varies in
a broad range from ETauc ¼ 1.89 eV at X ¼ 18.0 to ETauc ¼
5.21 eV at X ¼ 1.0 and becomes wider with the decreased flow
rate ratio of the silane to nitrogen gases X. In particular, the
ETauc shows a more than two fold increase from 2.41 eV at X ¼
6.0 to 5.02 eV at X ¼ 3.0. This rapid increase of the ETauc is
closely related to the significantly higher nitrogen concentrationThis journal is ª The Royal Society of Chemistry 2010
Fig. 6 Typical top-view and cross-sectional micrographs of the
a-SiNx:H sample when the flow rate ratio of the silane to nitrogen gasesX
is equal to 3.0.
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View Article Onlinein the synthesized a-SiNx:H films as revealed by the XPS anal-
ysis. It has been suggested that the widening of the optical
bandgap with the increased nitrogen incorporation into the
a-SiNx:H films can be attributed to the replacement of the weak
Si–Si bonds by the strong Si–N bonds.9,28 Meanwhile, the
widening of the optical bandgap happens through the recession
of the valence band maximum.9,28
It is well worth stressing that the wide optical bandgap ETauc of
5.21 eV can be achieved at a low flow rate ratio of the nitrogen to
silane gases of 1.0 in the plasma-based process, which has never
been previously reported in the literature. In the previous work,
an ultra-high flow rate ratio of the nitrogen or ammonia to silane
gases (this ratio is frequently greater than 20.0) had to be used in
order to obtain wide-bandgap a-SiNx:H films.
11,28 Moreover, it
was difficult for the nitrogen concentration x in the a-SiNx:H
films to reach the stoichiometric value (x ¼ 1.33) of Si3N4. This
originates from the low precursor dissociation ability of the
existing approaches as well as a much higher dissociation energy
of NH3 or N2 in comparison with SiH4.
3,11 The proposed
approach, based on high-density ICP plasmas, makes it possible
to solve this problem. Indeed, the electron number density
produced in the ICP discharges can be up to 1013 cm3 in
a typical pressure range of several to a few tens of mTorr, which
is about two orders of magnitude higher than the electron
number density produced in the capacitively coupled rf plasma
discharges under similar conditions.15,29,30 This increases the
number of electrons in the high-energy tail of the electron energy
distribution function.31 Hence, the rates of inelastic collisions
between electrons and silane/nitrogen gases can be significantly
increased. This in turn markedly enhances the dissociation of
silane/nitrogen molecules, despite a high dissociation energy of
nitrogen.15,32,33 Therefore, a large amount of nitrogen atoms is
incorporated into the a-SiNx:H, which explains the wide optical
bandgap achieved even at a very low flow rate ratio of the
nitrogen to silane gases of 1.0 in the plasma-based process of our
interest here. It is worthwhile to mention that, the achievement of
high-quality N-doped p-type ZnO thin films has also been
attributed to the high dissociation degree of N–N bonds of N2 in
the high-density inductively coupled plasmas.343.5 Morphology and microstructure
The surface of the samples was coated with a thin Au conducting
layer (10 nm) in order to avoid the charge building up prior to
SEMmeasurements. Fig. 6(a) and 6(b) show the typical top-view
and cross-sectional micrographs of the a-SiNx:H sample when
the flow rate ratio of the silane to nitrogen gases X is equal to 3.0.
As shown in Fig. 6(a), the amorphous clusters with a typical size
of a few to several tens of nanometers are distributed throughout
the whole scanned region. Moreover, there exist appreciable
voids between the clusters. As can be seen in Fig. 6(b), the as-
deposited film has a fibrous microstructure; a typical thickness of
the film is approximately 802 nm. One can also notice a sharp
interface between the film and the substrate.Fig. 7 Growth rates of the synthesized a-SiNx:H films under different
flow rate ratios of the silane to nitrogen gases.3.6 Growth rates
The growth rates of the deposited samples were obtained from
the film thickness and deposition time. The thickness of the filmThis journal is ª The Royal Society of Chemistry 2010was determined from the cross-sectional SEM image. Fig. 7
presents the growth rates of the synthesized a-SiNx:H films under
different flow rate ratios of the silane to nitrogen gases. With the
decreased flow rate ratio of the silane to nitrogen gases X, the
growth rate decreases in an almost linear way from 69.2 nm/
min at X ¼ 18.0 to 7.1 nm/min at X ¼ 1.0. The variation trend
of the growth rate as a function of the flow rate ratio of the silane
to nitrogen gases X can be interpreted by the fact that the
dissociation energy of N2 is significantly higher than that of
SiH4.
3,11 This large difference in the dissociation energy betweenJ. Mater. Chem., 2010, 20, 5853–5859 | 5857
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View Article OnlineN2 and SiH4 causes the growth rates to be primarily controlled
by the Si-based radicals in the growth process of a-SiNx:H. With
the decreased flow rate ratio of the silane to nitrogen gases X
obtained by decreasing the silane flow rate while keeping
the nitrogen flow rate fixed in the chamber, the concentration of
Si-based radicals in the plasmas is decreased, giving rise to
a low growth rate at a low flow rate ratio of the silane to nitrogen
gases X.3.7 Plasma-specific features
Inductively coupled plasma discharges are produced by the rf
power applied across a dielectric window via electromagnetic
coupling whereas capacitively coupled plasma discharges are
generated by merely electrostatic coupling.15 This brings about
many benefits for the ICP discharges such as the higher plasma
density, lower plasma sheath potentials at the substrate surface
etc., in comparison with many other types of low-pressure
plasma discharges.15,35 One of the main features of the ICP
source is that there exist two operating modes in different ranges
of the applied rf power. One is the electrostatic (E) mode
featuring low electron density and low optical emission, and the
other one is the electromagnetic (H) mode featuring high electron
density and intense optical emission.35,36 In order to further
substantiate that low-temperature plasma of our interest is able
to break the N–N bonds of N2 molecules effectively, optical
emission intensity and Langmuir probe measurements were
carried out under different inductive rf powers from 0 to 2000 W
at a flow rate ratio of the silane to nitrogen gases X of 3.0. We
found that the E to Hmode transition occurred at an inductive rf
power of approximately 800 W. With an increase of inductive rf
power from 800 to 2000 W, Langmuir probe measurements
revealed that the electron number density ne increased in an
almost linear fashion while the electron temperature Te did not
vary significantly. Moreover, the electron energy distribution
function (EEDF) exhibited a near-Maxwellian form. We also
roughly estimated the dissociation degree of N2 by using the
approach similar to the methodology proposed by Czerwiec
et al.36 and Nakano et al.37 Our calculations showed that the
dissociation degree of N2 increased with the inductive rf power
and reached the value of 0.36 at an inductive rf power of 1600 W
(this was the power we employed in the nanofilm synthesis
experiments). The dissociation degree of 0.36 at an inductive rf
power of 1600 W is significantly higher than in capacitively
coupled rf discharges where its typical value can only reach a few
percent.38,39 This feature is not common to many other types of
plasma sources.40,41
This significant dissociation degree of N2 molecules can be
explained as follows. As mentioned previously, the electron
number density ne increased significantly with the increased
inductive rf power while the electron temperature Te did not vary
significantly. It is thus likely that the number of electrons in the
high-energy tail of the EEDF having enough energy to dissociate
the nitrogen molecules via electron-impact reaction also increases
with rf power. This in turn gives rise to the observed high
dissociation degree of N2 at a high inductive rf power. As
a result, a large amount of nitrogen atoms is incorporated into
the a-SiNx:H films produced in our experiments.5858 | J. Mater. Chem., 2010, 20, 5853–5859The unique ability of low-temperature, non-equilibrium
plasmas to produce (e.g., through the effective dissociation
processes discussed above) a variety of reactive species is
particularly useful for numerous applications in the synthesis and
processing of a broad range of advanced nanomaterials. For
instance, plasma-produced carbon and hydrocarbon species are
crucial for the plasma-based synthesis of carbon nanotubes,
carbon nanowire connections, carbon nanocone arrays, carbon
nanofibers and other nanostructures.42–46 On the other hand, the
ability of reactive plasmas to dissociate oxygen molecules is
essential on the direct synthesis of metal oxide nanostructures at
low or atmospheric pressures.47–49
4. Conclusion
An effective and innovative approach based on the low-pressure,
thermally nonequilibrium, high-density inductively coupled
plasmas has been proposed to synthesize a-SiNx:H films from the
reactive mixture of silane and nitrogen gases. The influence of the
flow rate ratio of the silane to nitrogen gasesX, ranging from 18.0
to 1.0, on the compositional, structural, optical and morpho-
logical properties of the synthesized films, is systematically and
extensively investigated by X-ray photoelectron spectroscopy,
Fourier transform infrared absorption spectroscopy, Raman
spectroscopy, UV–vis spectroscopy, and scanning electron
microscopy. It is shown that, with the decreased flow rate ratio of
the silane to nitrogen gases, the silicon concentration, the
intensities of the Si–Si and Si–H bonds, and the growth rates are
decreased while the nitrogen concentration, the intensities of the
Si–N and N–H bonds, the optical bandgap are increased. In
particular, a wide-bandgap of 5.21 eV can be achieved at a rather
low flow rate ratio of the nitrogen to silane gases of 1.0 used in
the ICP-based process. These results suggest that the proposed
low-temperature plasma-based approach has an outstanding
potential for the synthesis of silicon nitride nanomaterials with
highly-controllable electronic bandgap structure, which is crucial
for the development of a broad range of nanodevices for opto-
electronic, nanoelectronic, and photovoltaic applications.
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